This paper presents a simple formulas for designing broadband concentric circular-loops antennas (CCLAs). The loop dimensions for widest bandwidth are derived and expressed in terms of driven loop resonance frequency. The analysis addresses CCLAs with and without ground planes senarios.The derived formulas are used to design multiple CCLAs. For example, a 3-elements CCLA of a maximum radius of 6.34 cm can be designed to operate with a voltage standing wave ratio (VSWR) < 2 over the frequency band with fractional bandwidth of 16.9% with a minimum directivity of 3.9 dB. Addionationally, a 4-elements CCLA of maximum radius of 15 cm can be design to operate in the frequency band extending from 825 MHz to 991 MHz (fractional bandwidth of 18.3%) with a VSWR < 2 and directivity higher than 5.2 dB over the entire band. Furthermore, the analysis shows that a 3-elements CCLA backed with a conducting ground plane improves the fractional bandwidth to 19.6% and directivity to 9.15 dB over the band of interest. The analytical results on designed antennas are validated with simulation results obtained by using the AN-SOF antenna simulation software. An excellent agreement is observed between analytical and AN-SOF simulations results.
Introduction
The circular loop antenna has attracted extensive research due to its straightforward analysis by expansion of the current as a Fourier series, as well as its simple geometry [1] [2] [3] [4] [5] . It is known that the maximum directivity of a single isolated circular loop antenna is about 4.5 dB and has a narrow impedance bandwidth with a reflection coefficient greater than -6dB when the loop is fed by a 50 Ω line. The directivity and/or voltage standing wave ratio characteristics of a loop antenna can be improved by using a multi-turn loop system or backing the loop with a reflectortype conducting bodies. Yagi-Uda array of circular loops can be designed for higher directivity than that of a single loop depending on array elements number and elements spacing [1] . Such an array of two elements can be optimized to give a directivity of 8 dB [2] . Research has shown that when circular loop antenna is backed with planar reflectors, the directivity can reach 10 dB [6, 7] . B. S. Hoon et. al. [8] have shown that when inserting concentric ring(s) within loop element, then the loop antenna impedance bandwidth can be improved. R. L. Li et. al. [9] have analyzed a discrete square multi-loop antenna system of N elements where it was shown that a VSWR < 2 bandwidth of 16% is obtained when N = 7. On the other hand, H. Nakano et. al. [10] demonstrated that the bandwidth of circular polarization can be significantly increased when a parasitic loop is inserted inside a loop antenna. S. Hamed et. al. [11, 12] have shown that the presence of a conducting body of revolution type reflectors near a loop antenna can improve both antenna directivity and VSWR. Even though extensive research is conducted on loop antenna arrays and systems as Yagi-Uda and log periodic arrays, seldom published work on concentric loop array configuration can be found. On 1958, Schell et. al. [13] reported on a concentric array of thin-wire loops with their circumferences being multiple integers of the wavelength. Each loop is energized properly through feed pairs applied on each loop where the antenna was used for radiation pattern synthesis purpose.
The radio frequency identification (RFID) systems in the UHF bands (840 MHz -960 MHz) have found a considerable attention recently by many researchers for their various applications [14] [15] [16] [17] [18] [19] [20] . The RFID system consists of a tag, reader antenna, and a processing unit. The desired characteristic of the reader antenna which plays a significant role in the RFID system performanceare [21] : compact size, directional with higher gain, circular polarization, good impedance match, ease to integrate, and low cost. Furthermore, it is required that these characteristics to be stable within a wide range of frequencies. The loop antenna configuration demonstrates all of the aforementioned characteristics and hence it can be projected as good candidate of an RFID reader antenna. Many researchers have reported on using loop antennas in RFID system design as reader antenna for near-field and far-field applications [15] [16] [17] [18] . The above literature indicate that a proper loop antenna design with multi-loops system with or without nearby conducting bodies can greatly enhance antenna bandwidth and directivity. The objective of this paper is to present simple fomulas that can be used to design a broadband CCLA. Two scenarios are considered in the discussion: 1) A CCLA without a ground plane and 2) A CCLA backed with a ground plane. General design parameters for both cases are expressed in terms of an arbitrary resonance frequency. The antenna characteristics are analyzed theoretically using the wellknown circular loop antennas theory and coaxial array of circular loop antennas analysis presented in [2] . The proposed methodology is employed to design various multielement antenna and derive their characteristics. Analytical results show attractive designs that are suitable for broadband frequency range and adequate for universal UHF RFID applications. To further validate the proposed technique, the AN-SOF antenna simulator is employed to produce antenna design characteristics numerically. An execellent agreement between analytical and numerical simulations is observed. The antenna geometry and theoretical development are discussed in section 2. The design technique is presented in section 3, and numerical results are discussed in section 4. A brief conclusion is provided in section 5.
Theoretical Development
The geometry of the problem is shown in Fig. 1 time convention is assumed throughout this paper and is suppressed for convenience.
The Current Distribution and Input Impedance
The current on each loop can be expanded in Fourier series as [1 -4] Where V is the excitation matrix with elements V i . n I is the current coefficient matrix to be determined and its elements are i n I . n Z is the generalized impedance matrix. Since the loops are circular and coaxial, then elements of n Z can be obtained using the same analysis as in [2] and [7] with the elements heights above x-y plane are 0 = 
The impedance at the input terminals of each loop can be obtained from (1) and (3) as ( )
The Far-Fields and Directivity
The Far-field expressions for CCLA can be obtained from that of an array of circular loops documented in [2] by substituting axial elements spacing
Where β is the wave number and . sinθ
is the input power and no losses, then the directivity is ( ) .
The Design Formulas
Our goal is to present simple formulas that can be used to design CCLA antennas with a widest possible frequency band for VSWR< 2. The antenna is assumed to be driven through one of the loops while others are parasitic elements, since we are seeking a simple structure. If the driven element is loop i , then
for all i j ≠ . The loops are of thin wires of thickness parameters
. Under these conditions, (3) and (5) 
The VSWR based on a Ω 50 line can be obtained from
The antenna bandwidth for VSWR< 2 can be computed using (4), (10) and (11).
The CCLA
The design steps for the broadband CCLA can be summarized as follows: 1) The design starts with a single resonant circular loop antenna (An#1) of radius 0 b . This antenna is driven by Ω 50 line at the resonance frequency o f . The thickness parameter for the loop is 10 = Ω and at the resonance
Where 0 c is the speed of light in free space. 2) A parasitic loop with radius 3) A second parasitic loop with radius
is added to the An#2 to obtain a 3-elements CCLA (An#3). The bandwidth for VSWR< 2 is re-computed using (9) However, the best bandwidth using this technique is determined mainly by the first four elements of radii 1
Additional elements may be used to improve the VSWR around center frequency or increase the directivity. The outer element gives bandwidth > 16% in the range 4 9 . 1
as shown in Fig.4 . directivity, and bandwidth requirements. Adding more elements may improve the directivity within the required bandwidth. However, this will increase the size of the antenna. 6) The center frequency of the antenna can be skewed to the right or left by scaling the dimensions of the antenna to the required frequency.
The procedure described in the above steps 1) to 6) indicates that when an element is added in each step, (9) -(11) are used to re-calculate the current distribution, input impedance, VSWR and bandwidth. This is necessary because these parameters depends on the number of elements and their dimensions. Various CCLAs are designed for best bandwidths using the design procedure listed in 1) to 6) steps. The optimal bandwidth for antennas with dimensions relative to the driven element are summarized in Table 1 . The bandwidth for N = 4, 5, and 6 elements are nearly the same as shown in Table 1 , which indicates that there is no significant improvement in the VSWR when N exceeds 4 elements. The computed VSWR for the first five antennas in Table 1 are plotted in Fig. 5 as a function of relative frequency f/f o . The VSWR for a single loop is also superimposed to compare with multi-element antenna behavior. The VSWR = 2.0 line is added to Fig. 5 to indicate desired operating bands. 
The CCLA Backed with a Ground Plane
When the CCLA is backed with a perfectly conducting ground plane as shown in Fig. 6 , the ground plane will affect the current distribution and the antenna characteristics. We assume that the ground plane is a square in shape of side W and the spacing between it and the CCLA is d . A spacer of a honeycomb dielectric can be inserted between the ground plane and CCLA to support the structure of the antenna. The , where b is the radius of the outer loop, it can be considered approximately infinite with respect to the loops [7] . In this case the image theory can be applied and the system of linear equations govern the current coefficients in (2) (16) where s for the loops and m for images of the loops. Since The far-fields components from the loops and their images can be obtained in a similar manner as in (6)and (7) , then for CCLA above the ground plane the far-fields components are where θ β sin
The directivity and VSWR of the CCLA backed with a ground plane can be obtained from (8) and (11) using (16) - (19) respectively.
The analysis shows that a 3-elements CCLA backed with a ground plane as shown in Fig. 6 can give a broadband characteristics with high directivity. In this case, the radii are 
The VSWR for the CCLA of dimensions given in (20) is shown in Fig. 7 as a function of normalized frequency f/f o for different thickness parameters. The thickness parameters of the loops have a significant effect on the VSWR and bandwidth of the CCLA as can be seen from Fig. 7 . Small changes in the thickness parameter may results in a significant bandwidth variation. 
Numerical Results
This section presents results with discussion for CCLAs in the UHF and microwave frequency bands using the formulation obtained in the previous sections. Both the bandwidth and the radiation characteristics for different CCLAs are discussed.
CCLA for Broadband UHF Applications
The CCLA can be designed for far-field RFID applications as a reader antenna. Referring to Fig. 5 , the 4-elements CCLA gives a fractional bandwidth of 18.3% within the range 0.916 < f/f o < 1.101, while 3-element CCLA gives a fractional bandwidth of 16.9%. These antennas can be designed to cover all the frequency bands for UHF RFID applications, which are extended from 840 MHz to 960 MHz. By choosing f o = 900 MHz, the frequency band satisfies VSWR < 2 for 4-elements antenna is 825 MHz < f < 991 MHz. The radius of the driven element at 900 MHz from (12) is b 0 = 5.3 cm and the other elements can be computed using (13) - (15) . The radii for the different CCLAs for the best bandwidth (BW) are summarized in Table 2 with the minimum directivity D min in each band. The VSWR and directivity for 2-, 3-and 4-elements CCLA are computed and displayed in Fig. 8 as a function of frequency. The results for the 3-elements case using AN-SOF software is also obtained and displayed in Fig. 8 to check the analytical results. Both the analytical results and that from AN-SOF are in excellent agreement. Furthermore, Fig. 8 shows that the bandwidth of the 3-and 4-elements antennas covers the whole UHF RFID frequency band (840-960) MHz and the minimum directivities in this band for the 3-elements and 4-elements antennas are about 3.9 dB and 5.2 dB respectively. The directivity for 4-elements CCLA can be increased over 6 dB by adjusting the size of the outer element. In fact, the radius of the outer element 2 + b has a wide range of choices based on the required directivity, antenna size, and bandwidth as shown in Fig. 9 . Moreover, Fig. 9 shows that, the directivity is nearly stable in the band (840-960) MHz for values of 2 + b extending from 7 cm to 22 cm. For the range 26 cm < 2 + b < 30 cm, the directivity at 960 MHz decreases to less than 3 dB while it is above 3.8 dB at 840 MHz. The radiation patterns at 900 MHz for 3-elements and 4elements CCLA of dimension given in Table 2 are displayed in Figs. 10 and 11 respectively. The general shape of the pattern for both antennas is similar to that of the resonant single loop antenna. However, the beam-width of the 3elements antenna is wider than that of 4-elements. The halfpower beam-width (HPBW) and the maximum directivity (D) in the forward direction for both antennas and their dimensions are shown in Table 3 . . The directivity, VSWR and the radiation pattern of the antenna are displayed in Figs. 12 and 13 respectively. The results for the VSWR using AN-SOF software are also obtained and displayed in Fig. 12 to check the analytical results. The analytical results and that from AN-SOF are in excellent agreement. can be considered as an infinite ground plane to the loops. It is obvious that the radiation pattern of the CCLA backed with a ground plane to be unidirectional as shown in Fig. 13 . The HPBW in the plane of φ = 0° is 77.9° and in the plane φ = 90° is 67.3°. The bandwidth for VSWR < 2 and dimensions of the CCLA backed with a ground plane at 2.45 GHz and 5.8 GHz are shown in Table 4 .
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Radii of the elements (cm) Figure 13 : Radiation patterns for the 3-element CCLA backed with ground plane with βb 0 = 1. and d = 1.0384b 0 . 
Conclusions
Theoretical formulations that can be used to design broadband concentric circular-loop antennas are presented in this paper. The formulations are employed to design various CCLAs with and without ground planes at UHF and microwave frequency bands. For the CCLAs without ground plane, a fractional bandwidth of 18.3% can be obtained for VSWR < 2 with directivity higher than 5.2 dB in the entire bandwidth. The CCLA backed with a finite conducting ground plane can be designed to operate in a wider band of fractional bandwidth of 19.6% and directivity of 9.15 dB within the entire band of interest. The AN-SOF antenna simulation software is used to validate analytical results where an excellent agreement between analytical and simulated results is observed. The main features of the CCLAs, that they are simple, low cost, and can be designed to cover the universal frequency band for UHF RFID applications.
